Abstract: [Ni(en) 3 ][NO 3 ] 2 undergoes a displacive phase transition from P6 3 22 at ambient pressure to a lower symmetry P6 1 22/P6 5 22 structure between 0.82 and 0.87 GPa, which is characterized by a tripling of the unit cell c-axis and the number of molecules per unit cell. The same transition has been previously observed at 108 K. The application of pressure leads to a general shortening of O … H hydrogen bonding interactions in the structure, with the greatest contraction (24%) occurring diagonally between stacks of Ni cation moieties and nitrate anions.
Introduction
Ethylenediamine is one of the most common bidentate ligands used in coordination chemistry. When coordinated to a metal centre it forms a five-membered ring which offers increased stability over similar monodentate ligands, and analysis of this effect played an important role in the understanding of metal-ligand coordination.
The crystal structure for [Ni(en) 3 ][NO 3 ] 2 was first obtained by Swink and Atoji (Cambridge Database refcode ¼ TEANIN) [1] . These studies determined that under ambient conditions the crystal structure consisted of two formula units in a hexagonal unit cell where a ¼ b ¼ 8.87(1) Å and c ¼ 11.41(2) Å. The nickel cation has an approximately octahedral geometry but skewed due to non-90°N-Ni-N angles with the ligands adopting a gauche conformation. Extensive bifurcated hydrogen bonding networks were observed involving ethylenediamine hydrogen atoms and nitrate oxygen atoms, which helped stabilize the close proximity of the two staggered nitrate anions. The structure has been most recently determined by Macchi et al. [2] , who analysed the effect of microsource Mo X-ray radiation on crystal data quality.
Molecular materials are very susceptible to changes in temperature and pressure due to the relatively weak nature of intermolecular interactions [3] . The accuracy and precision of data collections can also be significantly improved through the application of low temperature conditions [4] . Consequently there is increasing interest among researchers in utilizing temperature and pressure to analyse the solid state [5] . The earliest crystal structure determination of [Ni(en) 3 ][NO 3 ] 2 at low-temperatures was conducted by Farrugia et al. [6] , with the goal of investigating the electron density distribution. In the process the researchers discovered a phase transition occurring at 109 K from the P6 3 22 ambient phase to a new P6 5 22 phase, where a ¼ b ¼ 8.82020(10) Å, c ¼ 33.1447(4) Å, and V ¼ 2233.07(4) Å 3 . The enlargement of the unit cell through tripling of the c-axis coincided with an increase in Z from 2 to 6, caused by a displacement of the nickel cations towards a position of lower symmetry. This transition was discovered to be sharp and reversible, as well as easily observable in precession images, making the compound ideal as a low-temperature calibrant for cryostats. Pressure is a highly efficient variable for probing the structure of materials: unlike temperature which can typically be varied by up to a few hundred Kelvin for molecular materials, modern apparatus is capable of generating many billions of Pascals, resulting in far greater changes in crystalline thermodynamics [7] . Additionally the phase changes induced by pressure may be very different to those caused by temperature, generating interest into the reasons why these two variables induce different responses in the crystalline state [8] .
Metal-ligand bonds in transition metal complexes have been found to be more sensitive to pressure than covalent bonds in organic materials [9] , leading to changes in coordination number [10] [11] [12] , bond angles [13] and conformation [14] . This makes high pressure a very valuable tool for exploring the relationship between structure and physical properties in coordination compounds including magnetism [15, 16] , colour [17, 18] , spin state [19, 20] and absorption characteristics of metal-organic frameworks [21] [22] [23] .
The pressure-sensitivity of intramolecular geometry in coordination complexes raises the question of how the compressibility of coordination bonds compares to that of intermolecular interactions such as hydrogen bonds.
[ 
Apparatus
The high pressure studies utilized a Merrill-Bassett DAC [24] , with an opening angle of 40°, 600 µm culet BoehlerAlmax cut diamonds, tungsten-carbide backing discs and tungsten gasket [25] . 4 : 1 methanol-ethanol was used as the hydrostatic medium. High-pressure single crystal X-ray diffraction measurements were carried-out on a three-circle Bruker APEX diffractometer with MoKα radiation monochromated with a TRIUMPH curved-crystal monochromator and with synchrotron radiation at the Diamond Light Source on beamline I19-EH1 using radiation of wavelength 0.48590 Å and a four-circle Crystal Logic diffractometer equipped with a Rigaku Saturn CCD detector. The pressure was measured using the ruby fluorescence method [26] . Data collection strategies were as described by Dawson et al. [27] .
In Section 3, below, structural analyses are based on the synchrotron data-sets; data collected using the conventional lab source were utilized for determination of lattice parameters and phase identification.
Data processing
Cell indexing and integration were carried out using the Bruker APEX II [28] software with dynamic masks generated by ECLIPSE [27] . Absorption corrections were carried out using SADABS [29] . Structures were solved by charge-flipping [30] using SUPERFLIP [31] . Distance and angle restraints were derived from the ambient-pressure structure determination and applied to the positions of non-metal atoms, but not to distances or angles involving the nickel atom. Merging and refinement of the data were performed using CRYSTALS [32] . All structures were refined against jFj with reflections with jFj < 4σ(jFj) omitted. Atomic scattering factors for the synchrotron data were calculated using FPRIME [33] . Crystal and refinement of data are recorded in Table 1 .
Structural analysis
Analysis of the bonding interactions was conducted using the program PLATON [34] 
Differential scanning calorimetry
DSC data were collected at the Durham University Chemistry Department using a Perkin Elmer DSC 8500 instrument. The sample was contained in a sealed aluminium pan, with an empty pan as a reference. The scan rate was 10 K min À1 .
Results

General comments
The crystal structure of [Ni(en) 3 ][NO 3 ] 2 has been determined at ambient temperature up to a pressure of 1.93 GPa. Beyond 1.93 GPa data quality deteriorated with substantial broadening of diffraction peaks and loss of high-resolution data, possibly ascribable to the on-set of amorphisation.
The crystal system remains hexagonal throughout the pressure range studied. The change in unit cell parameters in response to pressure is presented in Fig. 1 . In order to place the values for phases I and II on a comparable scale, the c axis length in Fig. 1b and cell volume in Fig. 1 have been divided by Z (2 for phase I and 6 for phase II). The data shown in the plot were collected using a lab source, and numerical values of the parameters plotted are available in the supplementary material (Table S1 ). The c-axis and volume plots show small discontinuities between 0.82 and 1.02 GPa, indicative of the phase transition. Observation of phase II in the synchrotron study at 0.87 GPa enables us to bracket the transition pressure between 0.82 and 0.87 GPa.
The phase transition leads to a tripling of the unit cell caxis and a change in symmetry from P6 3 22 (phase I) to P6 1 22 or P6 5 22 (phase II). The complex spontaneously resolves into enantiopure crystals of the Δ or Λ forms on crystallisation from solution, and the space group obtained for phase-II depends on the enantiomorph of phase (I), Δ giving P6 5 22 and Λ giving P6 1 22. The same dependence is observed for the low-temperature phase transition [6] . It occurs because the inverted image of a structure in P6 3 22 also has space group P6 3 22, whereas P6 1 22 and P6 5 22 form an enantiomorphic pair and formation of an inverted im- age implies a change of space group from one member of the pair to the other. In the following discussion we make the assumption that the effects seen on compression do not depend on the enantiomorph of the sample.
The same transition from phase I to II has been found to occur at +109 K and ambient pressure by diffraction measurements. As part of this work a differential scanning calorimetry trace was measured, and this showed an endotherm centred at 108 K as temperature was scanned from 99 K to 150 K (see supplementary material, Fig. S1 ). The width of the transition is similar to that seen in Fig. 3 in Farrugia et al.'s paper [6] . The enthalpy change for the transition is 142 J mol À1 , and the entropy change 1.32 J mol À1 K À1 . Though small, the nonzero values for these quantities show that the transition is first order. This is in agreement with the conclusion drawn by Farrugia et al. on the basis of the shapes of plots of cell dimensions and volume against temperature and the large displacements of molecular centres of gravity which occur at the transition.
Response of the nickel coordination environment to pressure
The nickel atom in [Ni(en) 3 ][NO 3 ] 2 is six coordinate with a distorted octahedral NiN 6 coordination environment (Fig. 2) . In phase I (Fig. 2a) the metal atom occupies a site of 3.2 point symmetry which makes all six Ni-N bonds symmetry equivalent with a distance of 2.1309(17) Å observed at 0.13 GPa (Table 2 ). This compares to 2.1362(4) Å at 123 K [6] . The bond angles vary between 82.04(7)°and 93.41(7)°. In phase II (Fig. 2b) there are three unique Ni-N interactions. At 1.93 GPa the Ni-N bonds have a range of 2.1171(18)À2.1297(15) Å; in phase II at 100 K the range is 2.1345(5)À2.1389(5) Å, indicating that pressure has a modest effect on metal-ligand distances. Though the C-C distances in the ethylenediamine ligands appear to increase in length in phase II (Table 2) , this is likely a consequence of diminished thermal motion at elevated pressure (U eq (C) ¼ 0.054 Å 2 at 0.13 GPa and 0.036À0.041 Å 2 at 0.87 GPa).
The maximum change in N-Ni-N bond angle and NCCN torsion angle are 1.88(9)°(N1-Ni1-N3) and 1.8(4)°( N2-C21-C31-N3), respectively.
Response of hydrogen bonds to pressure
In phase I at 0.13 GPa Ni1 of the cations and N4 of the anions are distributed along the same three-fold axes running parallel to c. Pairs of anions are located above and below the upper and lower faces of the cation octahedra, interacting through bifurcated N1-H12 … O41 H-bonds (Fig. 3a) . The bifurcation is unsymmetrical with H12 … O41 distances of 2.22 and 2.57 Å (Table 3 , NH distances normalised to 1.01 Å). These units are stacked along c with pairs of anions facing one another. When viewed along c these pairs of nitrates are staggered relative to each other, but with N … N distances of 3.130(3) Å (Fig. 4a) . This apparently unfavourable electrostatic interaction is stabilised by inter-stack N1-H11 … O41 H-bonds formed in layers parallel to the ab face of the unit cell. These contacts are also bifurcated with H11 … O41 distances measuring 2.30 and 2.68 Å. The 'diagonal' distance between H11 and O41 in the nitrate anion directly below that forming the primary H-bonds to the cation is 3.20 Å. The transition from phase I to II modifies the orientations of the cations and anions. Over the course of the phase transition, the point symmetries of the cations and anions are reduced from 3.2 to ..2 and 3 to 1, respectively, breaking the three-fold degeneracy of the intra and interstack interactions. Phase II is thus a distorted version of phase I, consisting of the same intra-and inter-stack interactions described above, but with the set of four independent bifurcated NH … O interactions of phase I developing into twelve independent interactions in phase II (Figs. 3b and 4b) .
Related interactions in phases I and II are correlated in Table 3 . The O … H distances forming the shorter components of the bifurcated intra-stack H-bonds change by up to 8.56%, whilst the longer interactions in the same stack change by up to 5.45% from 0.13 to 1.93 GPa, so that the bifurcation becomes more unsymmetrical. Similarly the shorter O … H interstack distances change by up to 8.26%, whilst the longer interactions change by up to 7.09% over the same pressure range. The greatest change in O … H distances occurs for the diagonal H11 … O41 hydrogen bond, which contracts by 24% from 3.20 Å to 2.43 Å at 1.93 GPa. This substantial change is a consequence of the shift in the nitrate positions during the phase transition. This shift, which can be seen by comparing Fig. 3a and b, is clearest in an animation of the displacements during the transition which is available in the supplementary material (Fig. S2) .
The short N … N distance formed between nitrate anions is 3.130(3) Å at 0.13 GPa. After the transition to Interstack H-bonds 
Distortion analysis
The phase transition from phase I to phase II between 0.82 GPa and 0.87 GPa is similar to that observed by Farrugia et al. [6] at 109 K. From the discontinuities present in Fig. 1b and c it seems reasonable to infer that the transition at high pressure is also first order. Symmetry mode analysis based on the Ni, N and O positions of phase I at ambient pressure and phase II and 0.87 GPa (ISODISTORT) shows that the structure evolves via a displacive mechanism in which two modes (corresponding to irreducible representations Γ 1 and Δ 6 ) are active. The first of these represents the contraction of the structure with pressure; the second corresponds to rotations of the cations and anions in which the magnitudes of the rotations vary in a wave-like fashion along the c-direction of the unit cell. This mode is illustrated in an animation available in the supplementary material (Fig. S2) .
The displacements revealed by symmetry mode analysis can be interpreted in the context of the distribution of interstitial voids. The largest voids in phase I at ambient pressure are distributed between the layers illustrated in Fig. 5 at the points where ethylenediamine ligands in neighbouring layers meet. The reduction in symmetry enables the cations and anions to reorient and access these voids. The reorientation of the anions, which sit directly above one another in phase I, also leads to a small displacement of like-charged atoms away from one another, reducing electrostatic repulsion.
The distribution of voids is also consistent with the anisotropy of the contraction of the unit cell parameters. The greatest contraction occurs along [001], with the value of c/Z decreasing by 5.38% over the pressure series; c/Z also undergoes a larger contraction than the a-axis length as a result of the phase transition (2.64% versus 1.14%), corresponding to flattening of the large oblate voids described above (Fig. 5) . Movement of the structure along the a and b axes is hindered by the lack of void space between the stacks.
Effect of pressure on H-bonding
One of the aims of this work was to compare the compressibility of Ni-N and NH … O H-bonds, which are both present in the structure of [Ni(en) 3 ][NO 3 ] 2 . The maximum compression seen for the Ni-N bond distance was A characteristic of the H-bond distributions described above, and exemplified by that in Fig. 6a , is that they are very broad compared to a histogram on Ni-N distances in octahedral nickel complexes (Fig. 6b) . This points to a much flatter potential energy versus distance surface for H-bonds than for Ni-N bonds, and this explains why H-bonds are the more sensitive to pressure. Coordination bonds with flatter potentials, such as elongated Cu-N or O bonds in Jahn-Teller distorted Cu(II) complexes, show much greater sensitivity to pressure [12, 15, 16, 18] . The response of structures under pressure is also to minimise free energy by packing molecules more efficiently, and reducing interstitial voids. This naturally also affects intermolecular interactions to a greater extent than intramolecular bonds.
Conclusion
We have shown that [Ni(en) 3 ][NO 3 ] 2 undergoes a phase transition between 0.82 and 0.87 GPa in which the structure undergoes a distortion involving rotations of the cations and anions leading to a tripling of the unit cell volume. The structure remains in this phase up to 1.93 GPa. Previous work had shown that the same transition occurs on cooling the crystal at ambient pressure below 109 K. While most intermolecular H-bonding interactions shorten by around 5% between ambient pressure and 1.93 GPa, the reorientations of the cations and anions during the phase transition shorten one such interaction by almost 0.8 Å, or 24%. The compression in Ni-N distances is an order of magnitude less than that seen for the H-bonds. CSD searches indicate that this reflects the shape of the H-bonding and Ni-N bonding interatomic potentials. mer also for provision of synchrotron beamtime. We also thank Mr Douglas Carswell of the Durham University Chemistry Department for collection of DSC data.
